this study demonstrates that the rate of disease progression varies topographically over the medial tibia. Future correlation with OA pathology could lead to better detection of early OA.
Introduction
Osteoarthritis (OA) is the most common type of arthritis and affects a major portion of the adult population [1, 2] . The disease is characterized by proteoglycan loss, osteophyte formation, synovitis, and subchondral bone changes. Slow progression of the disease causes cartilage to have different pathological characteristics and localizations at different times after the onset of degradation [3] , which contributes to the difficulty of establishing an accurate diagnostic standard. Magnetic resonance imaging (MRI) has been widely used in clinical research and diagnosis of OA. High-field systems (≥7 T) with advanced coil technology significantly improve the ability of quantitative highresolution morphological, biochemical, and molecular features and functional imaging of musculoskeletal tissues [4] [5] [6] . Several MRI parameters and protocols, such as T2 and T1ρ relaxations, sodium imaging, and the use of contrast agents, have been developed to quantify water motion, proteoglycan (PG) concentration, and collagen structure in cartilage matrices [7] [8] [9] . Among these MRI techniques, T2 relaxation time is sensitive to molecular interactions related to integrity, orientation, and anisotropy of the extracellular matrix (ECM) in cartilage [7, 8, [10] [11] [12] and is reported to have higher values with the advancement of OA pathology [13] [14] [15] [16] .
Abstract
Objective Our aim was to determine topographical variations in zonal properties of articular cartilage over the medial tibia in an experimental osteoarthritis (OA) model using 7-T magnetic resonance imaging (MRI). Materials and methods An anterior cruciate ligament (ACL)-transection canine model was subjected to study at 8 (six) and 12 (seven) weeks after the surgery. Each medial tibia was divided into five topographical locations. For each specimen, T2 relaxation (at 0° and 55°) was quantified at microscopic resolution. The imaging data grouped the five locations into two topographical areas (meniscus-covered and -uncovered). Results The T2 (55°) bulk values from the meniscuscovered area were significantly lower than those from the uncovered area. The total cartilage thicknesses on the meniscus-covered area were significantly thinner than those on the meniscus-uncovered area. Significant differences in the T2 (0°) values were observed in most thicknesses of the four subtissue zones and whole-tissue from the uncovered area, while the same significant changes were detected in the superficial zone from the meniscus-covered area. Conclusion By quantifying high-resolution imaging data both topographically and depth-dependently (zonal-wise), Since biochemical properties of healthy cartilage are known to be different at different locations on the knee surface [13, 17] , early OA must vary topographically (variation in surface sites) and depth dependently (zonal variations) within a single knee joint. Quantitative measurement of the clinically important and topographically complicated joint structures such as the knee, however, is largely lacking in the literature due to the fact that an adequate description of the zonal properties of articular cartilage require microscopic resolution on imaging. In this regard, high-field microscopic MRI (µMRI) using animal models has a unique value in clinical OA research because it bypasses the resolution limitation in clinical MRI of human cartilage. In addition, onset of the disease can be initiated in an animal model, which can be subsequently monitored during the degradation process.
The surgical procedure of anterior cruciate ligament transection (ACLT) in dogs is the best characterized and most commonly used animal model in which induced instability eventually leads to complete loss of cartilage during a process that mimics human OA progression [18, 19] . Since the canine cartilage is thinner than that in humans, high spatial resolution in imaging becomes extremely critical. In this project, we used high-field µMRI to study the intact canine cartilagebone specimens from five different locations of the medial tibial surface. We hypothesized that zonal distributions of tissue thickness and T2 would vary topographically during progression of cartilage degradation in the animal model. This project is significant because it puts a set of already validated, clinically important, and highly sensitive parameters into use in the first comprehensive investigation of the complex progression due to ACLT-induced OA at microscopic resolution.
Materials and methods

Cartilage specimens
With the approval of local institutional review committees, 13 skeletally mature dogs underwent ACL transection in one knee joint. The contralateral knee served as the nonoperated control. Six animals were sacrificed 8 weeks postsurgery (one female and five males, 22-30 kg); the other seven animals were sacrificed 12 weeks postsurgery (three females and four males, 18-29 kg). Within 24 h after sacrifice, the medial tibial plateau from each knee was sectioned into five rectangular specimens (3.0 × 2.5 × 4-5 mm 3 ), as shown in Fig. 1 . Each specimen included the full thickness of the articular cartilage attached to the underlying bone. Prior to the µMRI experiments, specimens were equilibrated in 1-mM gadolinium solution (Magnevist, Berlex, NJ, USA) for a minimum of 10 h (at 4 °C) and sealed in precision nuclear magnetic resonance (NMR) tubes with an internal diameter of 4.34 mm (Wilmad Glass, Buena, NJ, USA). A total of 130 specimens from the 26 medial tibias were imaged; specimens were never frozen.
High-field µMRI protocols
T2-weighted imaging experiments were performed using a Bruker AVANCE II 300 NMR spectrometer with a verticalbore magnet (7 T/89 mm), which has a microimaging accessory (Bruker Instrument, Billerica, MA, USA) and a homemade 5-mm solenoid coil. Using a magnetization-prepared T2 imaging sequence [7] , T2-weighted images of the specimen were acquired at two orientations of the specimen in the magnet-when the normal surface axis of the tissue block was 0° and 55° to the direction of the magnetic field B 0 . (It should be noted that for clinical MRI of the human knee with a horizontal magnet, the tibial cartilage is also oriented in small angles around 0°. The small variation comes mainly from the natural contour of a tibial surface.) Echo time of the leading contrast segment (TEc) in the pulse sequence had five increments (2, 8, 20 , 40, 80, or 90 ms), and echo time of the imaging sequence (TE) was 7.2 ms. T2 relaxation time in cartilage was calculated pixel by pixel using a single exponential fitting on MatLab (MathWorks, Natick, MA, USA). The field of view (FOV) was 0.45 × 0.45 cm; imaging matrix size was 256 × 256; slice thickness was 0.8 mm; in-plane pixel resolution was 17.6 µm. Other experimental details have been described previously [17] .
Image analysis
Quantitative T2 images of each specimen were analyzed by applying a ten-pixel-wide region of interest (ROI) to each 2D image, which generated a 1D profile that covered the entire tissue thickness. Since the averaging never occurred along the tissue depth, the depth-wise pixel resolution remained 17.6 µm. The total cartilage thickness of each specimen was measured from the T2 proton images at the 55° orientation. The zonal boundaries inside cartilage were determined from the T2 profiles at 0°, according to criteria established and validated previously [17, 20] . Four subtissue zones were defined across the depth of cartilage: superficial zone (SZ), transitional zone (TZ), and radial zone (RZ), which was divided equally into two halves (upper RZ as RZ1 and lower RZ as RZ2). Bulk and zonal T2 values were averaged, respectively, in all subtissue zones. When the T2 (0°) profile was not the typical bell shape, zones were divided using the averaged relative zonal thickness at each location from the bell-shaped T2 (0°) profiles (Table 1) .
Statistical analysis
Six animals at 8 weeks and seven animals at 12 weeks were studied and analyzed and referenced to data reported earlier from seven healthy animals [17] . Each joint was evaluated using five predefined specimen locations (Fig. 1) , where each specimen had four spatially resolved zonal profiles (SZ, TZ, RZ1, RZ2). Imaging data were averaged into the four individual zonal areas and also grouped into one bulk group. To simplify analysis of the complex data, the five specimens were grouped into two topographical regions: the meniscuscovered and the meniscus-uncovered area [17] . Results are expressed as mean ± standard deviation (SD). A one-way analysis of variance (ANOVA) with Bonferroni correction was used to compare the five locations and both OA time points independently. Kruskal-Wallis rank sum test was used to compare the meniscus-covered and -uncovered areas at each postoperative week. Paired Student's t-test was used to compare contralateral and OA joints at each postoperative week. P values <0.05 were considered significant.
Results
Morphological observations
In all 8-week OA (8X) joints, medial menisci were partly torn, medial femoral condyles showed signs of partial cartilage erosion, and multiple osteophytes were found around the joint periphery. The articular cartilage of the 8X joints appeared more opaque compared with contralateral normal (N) joints, which appeared translucent. All 8X joints had lesions or fibrillation at uncovered areas [central medial tibia (CMT) and interior medial tibia (IMT)], and two 8X joints had severe lesions at covered areas [anterior medial tibia (AMT) and posterior medial tibia (PMT)]. All joints had excessive bone overgrowth at the posterior region and the far medial side of the tibia (AMT). All 12-week OA (12X) medial tibias were completely covered with a fibrillated meniscus. The lesions were clearly seen after opening the joints, with the meniscus being loose and appearing fibrillated. On the other hand, contralateral joints appeared to have little or no damage on the surface of the tissue. Menisci were intact and had the normal crescent shape. The only visual lesions observed were around the central region of the medial tibia. Figure 2 shows a set of T2 (0° and 55°) images from PMT of N, 8-week contralateral (8C), and OA (8X), as well as 12-week contralateral (12C) and OA (12X) specimens. At 0°, all specimens had a typical laminar appearance seen in cartilage. Compared with normal specimens, the lowintensity band underneath the articular surface appeared thicker at 8X and thinner at 12X, and total cartilage thickness was greater in the OA specimens (Fig. 2a) . (This visual observation was confirmed later in quantitative measurements in µMRI at microscopic resolution.) At the magic angle (55°), all 8C, 12C, and most 8X and 12X cartilages showed similar homogeneous appearance as N cartilage, while some 8X and 12X cartilage surfaces were visibly fibrillated on MRI. Figure 3 shows the averaged total thickness of both meniscus-covered and -uncovered specimens of OA and contralateral knees. Total thickness of the covered area was significantly thinner than the uncovered area at all Figure 4 shows a set of T2 profiles from the N, 8X, and 12X specimens at both 0° (a) and 55° (b), which are plotted on the relative depth scale from the articular surface at 0 to the cartilage-bone interface at 1. T2 (0°) profiles of N (as well as 8C and 12C, not shown) and most 8X had a typical bell-shape curve, which was lost in 12X, with its T2 values increased significantly at SZ. The insert in Fig. 4a expands the superficial and transitional zones of the T2 profile, which has three types of T2 (0°) characteristics: a typical bell-shape curve (solid line), a non-bellshaped curve (dotted line), and a linearly decreasing curve (dash line). Changes in these shapes correspond with OA progression, which implies increasing damage to the articular surface. The linearly decreasing trends were found in ten of 35 specimens for 12X, two of 30 for 8X, one of 35 for 12C, and one of 30 for 8C. These trends were found in both the meniscus-covered (seven) and the -uncovered (three) areas for 12X, at PMT and CMT for 8X, and at the uncovered area only for both 8C and 12C. T2 (55°) profiles (Fig. 4b) for N, 8X, and 12X covered specimens showed that T2 (55°) values increased with OA progression from N to 12X.
Depth-dependent profiles of T2 in cartilage
Topographical variations of zonal properties of OA cartilage
The entire depth of cartilage (as shown in Fig. 4 ) was divided into four subtissue zones (SZ, TZ, RZ1, and RZ2), where the zonal averaged T2 and thickness were quantitatively compared. Zonal division was based on the T2 (0°) profile (Fig. 4a) . Table 1 summarizes zonal averaged topographical variations of both thickness and T2 in articular • Tissue thickness. Total thickness of both normal and OA cartilage at the uncovered area was significantly thicker than the covered area. Zone wise, surface zones (SZ and TZ) at the uncovered area were thinner than those at the covered area and vice versa for radial zones (RZ1 and RZ2). For the covered area, the relative SZ and TZ increased until reaching a maximum at 12C, then decreased at 12X. The trend was opposite for the relative radial zones. For the uncovered area, the relative SZ and TZ decreased from 8 to 12 weeks, then vice versa for the relative radial zones, but showed no significance.
• T2 (0°). Averaged T2 (0°) values showed three trends:
(1) The typical bell-shape curve (TZ > SZ > RZ1 > RZ2) for both 8C and 12C (AMT, EMT, and IMT); (2) nonbell-shape curve (TZ ~ SZ > RZ1 > RZ2) for 8C and 12C(PMT, CMT), 8X (AMT, IMT), and 12X (CMT); (3) linearly decreasing trend (SZ > TZ > RZ1 > RZ2) for 8X (EMT, PMT, CMT) and 12X (AMT, EMT, PMT, and IMT). In most cases, uncovered tissues had higher T2 values than covered tissues, except in the SZ and RZ2 for 12X. Trend in the bulk T2 (0°) was the opposite at 12 weeks for both 12C and 12X: covered tissues had higher T2 (0°) values compared with uncovered tissues. T2 (0°) values increased with OA at all four zones at both covered and uncovered areas, except RZ1 (both covered and uncovered) and RZ2 (covered) at 12 weeks. The highest increase in T2 (0°; 10.7 ± 1.2 ms) with OA progression was found at SZ from the covered area at 12 weeks.
• T2 (55°). Values of T2 (55°) were more homogeneous than those of T2 (0°) at all OA time points. In most cases, the uncovered tissues had higher T2 values than the covered ones at each zone, except in the SZ for 12X. The trend in bulk T2 (55°) was the same: 12C had the lowest T2 (55°) values in all zones, as well as bulk, among all OA time points. For both covered and uncovered tissues, T2 (55°) values increased with OA. At 8 weeks, uncovered tissue increased (p < 0.001) more than covered tissue (p > 0.05) with OA, and vice versa at 12 weeks. The most T2 (55°) with OA increase was found in the SZ of covered tissue at 12 weeks (p < 0.001).
Comparison of T2 values among normal, 8X, and 12X tissues can be seen more clearly in Fig. 6 , as the zonalaveraged T2 profiles for the covered (Fig. 6a, c) and uncovered (Fig. 6b, d ) areas, together with results of the KruskalWallis rank sum test. T2 values among all OA time points showed statistically significant difference in each zone and bulk, except T2 (0°) in TZ and RZ1 for the covered area. For T2 (0°) profiles, the largest local changes were between SZ and TZ, where the increase at SZ resulted in loss of the bell-shaped curve (Fig. 4a for the high-resolution profiles) . The smallest local changes of T2 occurred in the deep cartilage, where dipolar interaction was the strongest. Minimization of dipolar interaction at the magic angle allowed detection of T2 in the deep cartilage, as shown in Fig. 6c, d . Statistical analysis for T2 (0°) in RZ2 was not carried out, since T2 in the deep cartilage was low. The strong dipoledipole interaction caused poor signal to noise ratio (SNR) in the deep cartilage. 
Discussion
Although the ACLT model of OA has been studied extensively using many tools, including MRI, this high-field µMRI project puts a set of quantitative parameters into use in the first microscopic resolution investigation of the complex role of ACLT during the progression of early OA. We were able to resolve quantitatively the topographical distributions of cartilage thickness and T2 alterations in canine tibial cartilage as the function of OA degradation. Studying 20 animals (including the previous data on seven healthy animals [17] ), we observed significant differences in T2 (0°) in most subtissue zones and in bulk on the meniscus-uncovered area. The same changes on the meniscus-covered area could only be observed in SZ. Additionally, throughout OA progression, there were variation patterns in zonal and bulk tissue thickness between covered and uncovered areas. These differences demonstrate that the rate of disease progression in the covered area is slower than in the uncovered area. This may be due the lack of a loose meniscal body at the uncovered area, which allows prevalent healing there, while the loose body limits healing until complete degeneration of the meniscus at 12 weeks.
It should be pointed out that our bulk and zonal-averaged data from µMRI are fundamentally different from clinical MRI measurements at low resolution. In our approach, we used high-resolution imaging to resolve variations in tissue profiles; we then averaged the spatially resolved profilebased on the established zonal division criteria-into four zonal data to mimic accurately the low-resolution imaging and bulk measurement. Consequently, depth wise, our data averaging only occurs within each structural zone. In contrast, any low-resolution imaging will average within each voxel, different cartilage zones, and even between cartilage and other surrounding tissues (e.g., meniscus, fluid, tendon), inevitably reducing detection sensitivity to the lesion.
Topographical variations in bulk properties of OA cartilage
This study compared thickness and T2 of articular cartilage between meniscus-covered and -uncovered areas during the early development of OA. As reported in the literature, many tissue properties can vary with OA progression, such as water content, collagen-fibril orientation, stiffness, optical properties, tissue volume, and thickness in the knee joint [17, [21] [22] [23] [24] . Over any single knee surface, the thickness of healthy articular cartilage is known to have significant topographical variations [17, 25] .
We can identify several detectable signs for early OA progression, which include an increase in total thickness in medial tibia cartilage that was topographically distributed. The meniscus-covered area had the maximum total thickness and the highest bulk values of T2 (55°) at 12X, while the meniscus-uncovered area had the maximum of those values at 8X (Fig. 3) . Since early changes in OA include the increase in interstitial water mobility in cartilage [26, 27] , our observation of an increase in T2 as OA progresses supports this understanding. Furthermore, Lusse et al. [28] demonstrated a positive correlation between increases in T2 and water content in ex vivo cartilage from OA patients who underwent total knee replacement surgery. The tissue initially swelled then decreased with OA progression [29] . Our results demonstrated that the meniscus protects the meniscus-covered area [29] [30] [31] [32] [33] and identified the topographical variations of OA progression on the media tibial surface.
Topographical variations in zonal properties of OA cartilage
All properties of articular cartilage vary depth dependently. Subtissue zonal properties best illustrate the various changes in cartilage at different tissue depths due to OA progression. Measuring these properties is technically demanding, requiring not only high spatial resolution but also many other technical factors, such as high SNR, precise specimen location on the joint surface, and knowledge of healthy cartilage characteristics. Topographical variations in zonal properties of cartilage have been reported for healthy tibial tissue [17] . Zonal thickness data at all OA time points in Table 1 (the first four rows) show clearly that the relative zonal thickness of SZ and TZ at all OA time points were higher in the covered area, which resulted in the lower relative thickness of the two radial zones, similar to healthy cartilage [17] . Since each pixel in our microscopic imaging is smaller than the thickness of the thinnest subtissue zone-verified previously by several correlation studies between µMRI and optical imaging [20, 34] -zonal averaging and comparison can be carried out individually and independently in each zone. Since the high resolution in µMRI allows differentiation of individual zones, parameters within each subtissue zone can be quantified, where each zone has a different thickness.
In this study, many topographical variations in zonal properties of the diseased cartilage have been quantified. Most differences in T2 (55°) between covered and uncovered areas are statistically significant at 8X and 12X, while most differences in T2 (0°) are not significantly different at most OA time points, illustrating the subtle influence of the nuclear dipolar interaction in the quantification and interpretation of T2 data on cartilage MRI. It is interesting to note that topographical variations of zonal properties match variations in bulk properties for T2 (55°). Zonal distributions of T2 (0°) values, which are strongly influenced by the dipole-dipole interaction, had a less clear matching. We showed that changes in T2 at different subtissue zones and total thickness with OA could be detected by µMRI. This knowledge could help the design of clinically effective protocols for early OA patients.
It should be pointed out that the zonal averaged numbers in Table 1 reflect the profile differences in µMRI. For example, for both OA time points of the contralateral cartilage (8C and 12C), T2 (0°) in SZ are lower than T2 (0°) in TZ. In comparison, cartilages at both OA time points (8X and 12X) had an SZ T2 (0°) higher than TZ T2 (0°). This reversed trend illustrates a distinct difference between the bell-shaped T2 (0°) profiles in healthy cartilage and the non-bell-shaped T2 (0°) profiles in degraded cartilage (insert in Fig. 4a) . This difference can be interpreted based on orientational changes in collagen fibril structure during OA progression. When tissue is healthy, SZ collagen fibers are densely packed and oriented parallel with the surface. This structure results in the typical bell-shaped T2 (0°) profile, where the SZ T2 is lower than the TZ T2 [7, 18] . In contrast, OA cartilage can have a number of early changes, including fibrillation (disorganization) of the SZ collagen network, influx of water, and swelling, which can modulate the T2 (0°) profile into a non-bell-shaped curve.
Experimental issues
The high-resolution µMRI experiments in this project were carried out at room temperature and used a vertical-bore 7-T magnet, which is different from common clinical conditions (1.5-to 3-T horizontal magnet, body temperature). In addition, the microscopic resolution in this project is currently not translatable to the clinical setting. However, the fact that µMRI and clinical MRI share the same physics principles and engineering architectures ensures a potential translational pathway from µMRI study of animal OA to clinical detection and intervention [35] . Since it is not possible to initiate joint degradation in humans, the use of the animal model in biomedical research offers the only avenue by which to study/follow disease progression to obtain precise knowledge of when and how the disease begins. Once we understand tissue degradation from the beginning to end, step-by-step, in animal studies, intervention in the early stages before the point of no return may eventually be developed to save human joints.
Conclusion
In summary, this study characterized topographical and zonal variations in cartilage thickness and T2 as the function of OA progression using high-field, high-resolution MRI. Our data indicate that the rate of disease progression in the meniscus-covered area is slower compared with the meniscus-uncovered area. Observations of several topographically distributed characteristic changes in both T2 and tissue thickness in an experimental model of OA provided the detailed knowledge of the disease-modified cartilage properties. Although biomolecular and pathological specifics of an animal OA are likely to be different from those in humans, quantitative findings in this µMRI study have the potential to contribute to the development of sensitive diagnostic protocols to detect early lesions in human cartilage, benefitting future clinical management and intervention of OA.
